The conflicting interpretations (square vs. rhomboidal) of the recent experimental visualization of the two-dimensional (2D) water confined in between two graphene sheets by transmission electron microscopy measurements, make it important to clarify how the structure of twodimensional water depends on the constraining medium. Toward the end, we report here molecular dynamics (MD) simulations to characterize the structure of water confined in between two MoS 2 sheets. Unlike graphene, water spontaneously fills the region sandwiched by two MoS 2 sheets in ambient conditions to form planar multi-layered water structures with up to four layer. These 2D water molecules form a specific pattern in which the square ring structure is formed by four diamonds via H-bonds, while each diamond shares a corner in a perpendicular manner, yielding an intriguing isogonal tiling structure. Comparison of the water structure confined in graphene (flat uncharged surface) vs. MoS 2 (ratchet-profiled charged surface) demonstrates that the polarity (charges) of the surface can tailor the density of confined water, which in turn can directly determine the planar ordering of the multi-layered water molecules in graphene or MoS 2 . On the other hand, the intrinsic surface profile (flat vs. ratchet-profiled) plays a minor role in determining the 2D water configuration.
Introduction
When water is confined inside a narrow nanoscale tube or between solid walls separated by a distance commensurable with the molecule's own dimension, their structural and dynamical properties can change drastically from those of bulk water. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] Inside a one-dimensional channel of carbon nanotubes, for example, water molecules could undergo unconventional phase transitions [12] [13] and form ice-like structures at room temperatures depending on the channel diameter. Also, a delicate balance between entropy and enthalpy can render these confined water thermodynamically more stable than the bulk water. 3, [14] [15] Theoretical investigations of the structures of the two-dimensional (2D) water confined in between the flat walls have suggested puckered rhombic monolayer ice, planar hexagonal, or amorphous phases depending on the conditions and models employed in the simulations. [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] Although the structures of confined water have been predicted for a variety of dimensions and materials using molecular dynamics (MD) simulations, the first experimental observation of the 2D water in between the two graphene sheets was obtained very recently using high-resolution transmission electron microscopy measurements (TEM). 30 This observation revealed the formation of a monolayer of planar "square" ice with a high packing density and, depending on the inter-graphene distance, the formation of bi-and trilayer crystallites of water. 30 The same authors have also reported the MD simulations of graphene-confined water that agreed with the experimental structure of the "square ice". However this involved an enormous lateral van der
Waals pressure of about 1 GPa (10,000 atm) to obtain a flat structure of water for the bilayer and trilayer distances. Indeed the latter measurements and interpretations have been challenged by Zhou et al, 31 posing the possibility that the square ice structure obtained by Algara-Siller et al. 30 might have been due to a salt contaminant, and that, otherwise, the structures of the graphene-4 sandwiched water might be slightly rhomboidal without a square symmetry. Therefore, further investigations, both experimental and theoretical, are needed to clarify the structure of the 2D water and the existence of "square" or "rhomboidal" ice.
In this work, we use molecular dynamics (MD) simulations to predict the structure and energetics of water confined in between two sheets of MoS 2 , a 2D material with a ratchet-like nonplanar surface profiley. We find that the structure of water confined between the MoS 2 layers exhibits a well-ordered configuration consisting of both of square and rhomboidal local moieties forming an interesting isogonal tiling configuration. A key difference between the graphene-and the MoS 2 cases is that the MoS 2 confinement holds clearly separated single, double, triple, and quadruple layers of water depending on the gap spacing of MoS 2 sheets at ambient conditions without a large lateral pressure, unlike graphene. Analyzing the similarities and disparities of the graphene vs. MoS 2 confined water structures offer insights into the factors that control the structure of 2D water in general.
Methods
The simulation system consists of two MoS 2 layers and reservoirs of water as shown in Fig. 1 .
The graphene sheets are used as a support for MoS 2 and make a channel configuration for simulation purposes. Tables S1 and S2 of the supporting information.
The inner and outer cutoff distance of the Lennard-Jones potential was 10 and 12 Å , respectively, so that the energy and force smoothly changed to zero between the inner and outer cutoffs. The cutoff for the direct Coulomb interaction used was 12 Å and the long range Coulomb interaction was computed by the particle-particle particle-mesh method. 35 We used the LAMMPS program package 36 for all MD simulations of this work. In the initial setup, water molecules were in the reservoir region with the space between the MoS 2 layers empty. We implemented 500 steps of steepest descent and 1000 steps of conjugate gradient minimization followed by 200 ps equilibration in NVT ensemble and subsequent 1 ns equilibration with constant Np y T condition where only the y-dimension of the simulation box was adjusted at 298K and 1.0 atm. Then we performed 8 ns production run with the same Np y T condition, in which the last 4 ns of the production trajectories were used for analysis. The time step used was 1 fs.
Two water molecules were considered to be hydrogen-bonded when oxygen-oxygen distance is less than 3.5 Å and the angle between the O…O axis and the involved OH bond is less than 6 30°. 37 In the production run we saved snapshots at every 2 ps except for the calculation of the Hbond correlation function for which we performed a separate simulation for 6.0 Å gap spacing to save snapshots at every 0.2 ps.
We define the binding energy of a water molecule as the sum of the electrostatic and van der Waals interaction between the selected water molecule and all the other water molecules and MoS 2 in the simulation box. In the calculation of the binding energy, cutoff distance is not imposed, but instead, pairwise interaction of all the atoms in the simulation box was considered with a minimum image convention.
For comparison, we also performed MD simulations of water between graphene sheets in an infinite graphene configuration, fixing the density of confined water to be the same as in MoS 2 .
The number of water molecules thus used was 567, 1091, 1646, 2142 for d = 6, 8, 11, 13 Å, respectively. The simulation box dimension used was 63.95 x 63.90 x 99.0 Å with the graphene sheets on the xy plane. For water between infinite graphene sheets, the system was equilibrated for 20 ns in the NVT ensemble with 298K followed by 4 ns production run with the same NVT condition.
The simulation setup for MoS 2 has the graphene sheets located on the MoS 2 . The presence of graphene on MoS 2 cannot have any significant effects on the dynamics of water because the distance from graphene to the O atom of nearest water molecules is about 8.5 Å, a distance that is large enough to make the Lennard-Jones interaction energy between this fictitious graphene and water as small as −0.007ϵ where −ϵ is the energy minimum of the LJ potential. In addition, graphene has zero charge to have any electrostatic interaction with water. 
Results and Discussion
Water molecules are found experimentally 38 to fill in the confined space between MoS 2 layers spontaneously at ambient conditions. In the current simulations also, after the start of Np y T equilibration at 298 K and 1 atm, the confined region between the two MoS 2 sheets becomes completely filled with water molecules in less than 200 ps if the S-to-S interlayer distance of the Interestingly, the density profiles of water for d = 6 and 8 Å are similar to those observed in graphene confined water 30 , suggesting the similar H-bond configurations of water regardless of material difference. However, the key disparity is that, for a given interlayer distance of MoS 2 sheets, clearly separated single, double, triple, and quadruple layers are seen at ambient 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   10 conditions; whereas for graphene, a large lateral pressure is needed not just to bring water to the graphitic confinement but also to obtain a flat configuration. We discuss the origin of this difference later. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Next, we estimate the energetic gain obtained by the formation of the ordered pcd array. In Fig.   4A , we show the number of water molecules entering the confined 2D region as a function of time during the equilibration. Water molecules rapidly fill the space between MoS 2 layers within about 160 ps to obtain the final saturated equilibrium density, but at this stage only about 60% of water molecules are in the pcd configuration. It takes an additional 460 ps to reach the 85% pcd configuration. The change in total potential energy during the latter period (160 ps < t < 600 ps) reflects the energetic stabilization coming from the configurational rearrangement of water toward the pcd array. In other words, the pcd formation energy from a random and amorphous state can be estimated by the amount of potential energy lowering by every rearrangement of a 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 14 These planar ordered pcd configurations are also persistent in the multi-layered water structures.
In comparison to the single layer case at d = 6 Å (0.6 ns), the pcd formation takes a longer time for d = 8, 11, 13 Å (as shown in Fig. S7 , it takes about 4.5 ns to reach 70~90% pcd).
Nonetheless, it is clear that the pcd water ordering observed for the single-layer spacing does remain prevalent in the double, triple, and quadruple structures as well. For graphene, the pcd ratio (82%) at d = 6 Å is similar to the case of MoS 2 , but for d = 8, 11, 13 Å without high pressures, the pcd configuration is not obtained because of significant interlayer H-bonds. water. In the graphene confinement, the 2D binding is also preferred to the bulk by 2.1 kcal/mol, but it is slightly less stable than in MoS 2 . We note in passing that the single-file water molecules inside an ultra-narrow carbon nanotube can have a binding energy distribution that is on average more unfavorable compared with bulk water, albeit an entropic gain drives to the 1D confinement eventually. 3 To understand the origin of the favorable binding energy of the 2D water in the MoS 2 confinement compared with the bulk counterpart, we decomposed the binding energy into the electrostatic and van der Waals interactions in between water molecules and between water and MoS 2 ( Table 1 ). The largest contribution to the favorable binding energy observed in Fig. 4B originates from the favorable electrostatic (i.e., H-bond) interaction among water molecules under the 2D confinement. The electrostatic interaction between water and Mo atoms of MoS 2 is largely screened by that between water and S atoms of MoS 2 such that the electrostatic interaction between water and MoS 2 is sharply distributed near zero. Similarly, the van der Waals interaction among water molecules under the MoS 2 confinement is unfavorable by 9.5 kcal/mol on average (due to a tight water-water H-bond distance described below and associated 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 16 model (4.3 kcal/mol). The binding energy of the confined water in graphene is slightly smaller than that in MoS 2 , mostly due to the weaker water-water H-bond (electrostatic) contributions which are rather similar to the bulk water.
The increased water-water electrostatic stabilization and van der Waals repulsion are attributable to the decrease of the average distance between neighboring water molecules when confined between MoS 2 sheets. Thus the first peak of the O-O radial distribution function (Fig. S9C) is shifted closer by 0.05 Å with a pronounced enhancement in the peak height compared with the bulk water. The decrease in the average intermolecular distance is also seen in the twodimensional plot of the potential of mean force of the H-bond as a function of O…H distance and O-H…O angle (Fig. S9A) . It shows clearly that the attractive well of the H-bond is much narrower and more focused for the confined water than for the bulk water.
As mentioned above, the key result from the MD is that the monolayer structure of 2D water confined in graphene is quite similar to that for MoS 2 , even though graphene is flat and MoS 2 is ratchet-profiled atomically. Nonetheless, the multi-layer water structures exhibit major differences in the 2D water structure for MoS 2 and graphene confinements, that is, planar multilayer configurations are obtained in MoS 2 nearly spontaneously.
To understand whether the difference between graphene and MoS 2 confined water structures is due to the presence of charges in MoS 2 or the nonplanar morphology, we performed four sets of simulations. In the first two cases, we assessed the sensitivity of the structural results on the force field used. Here we increased and decreased by 50% the depth of the potential well, ε, of the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 them zero so that there is no electrostatic interaction between water and MoS 2 , as in graphene, but the ratchet-profiled morphology remains. In the fourth case, we performed the simulations using the infinite graphene slabs at d = 6, 8, 11, 13 Å, but used the same density of water obtained from the MoS 2 simulations.
For the first two cases of increasing and decreasing ε, we observed no noticeable change in the density or the number of water molecules confined between MoS 2 sheets as can be seen in Tables 2, but just the fraction of water molecules in the pcd configuration was reduced from 85%
to 67% when increasing ε and to 74% when decreasing ε, showing that the van der Waals interaction has a non-negligible influence on the formation of the ordered pcd structure. The planarity of the water layer with increased or decreased ε was similar to the case with the original ε (See Figs. S10 & S11). We also used the van der Waals parameters between water and MoS 2 from Liang et al. [39] [40] , obtaining 77% for the fraction of water in the pcd structure at 6 Å spacing . However, we find that the framework charges have significant effects for the multi-layered water structures at d = 8, 11, and 13 Å. Noticeably, with the charges of MoS 2 off, the density of confined water molecules for d = 8, 11, and 13 Å is significantly reduced by 30-45 % (Table 2) and the previously observed clearly separated water layers do not form with significant interlayer H-bonding interactions, as evident in the density profiles of water molecules in Fig. S12 . Thus, although the electrostatic interaction between water and MoS 2 was not crucial in the formation of the pcd structure for the monolayer case, it is essential for multi-layer cases to form ordered flat pcd structure, perhaps by allowing a required density for the multi-layer pcd formation.
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To test the density dependent multilayered 2D water formation hypothesis, we performed the MD simulations for water between graphene sheets with the same areal density of water obtained from the equilibrium MoS 2 simulations (densities used in Fig. 2 & 3) . Interestingly, even for graphene confinements, we now observe well-separated single, double, triple and quadruple layered water structures as shown in Fig. S13 , and the fraction of water molecules in the pcd structure was also 82%, 87%, 90%, and 82% for d = 6, 8, 11, and 13 Å, respectively. These results indicate clearly that, as long as the density is properly tuned, the 2D water can have multilayer planar perpendicularly-crossing diamonds structures even in graphene at 1 atm.
The fact that the areal density as well as the fraction of the pcd configurations for MoS 2 with q = 0 (charges off) cases are almost the same as those of graphene (Table 2) suggests that the ratchet- 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 21
Conclusions
In summary, we used molecular dynamics simulations to predict the multi-layered planar Hbonded structures of water confined in between MoS 2 sheets at ambient conditions, in contrast to graphene confinement. These 2D H-bonds show a pattern consisting of both square and rhomboidal local moieties with a perpendicularly crossing (pcd) configuration forming an isogonal tiling. More than 80% of confined water molecules participate in the ordered pcd configuration, both in monolayer and multi-layer cases, with an extremely long H-bond lifetime comparable to that of ice. Controlled simulations with modified force field suggest that the polar nature (atomic charges) of 2D MoS 2 allows a higher density of water under confinement than in graphene, leading to a stable, multi-layered planar water structure, whereas a detailed morphology of the confinement (ratchet-profiled or flat) does not play a primary role. Our findings of the water H-bond configuration in the 2D confinement provided by MoS 2 suggest interesting differences in the nanofluidic transport of water in MoS 2 channels and lamellar membranes. 38 This may provide a new design tool for applications to energy and environment. 
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